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This work presents a systematic study on pseudopolymorphic transformation between L-
Serine hydrate and anhydrate in water.  
 
The basic characterizations were done using microscope and powder x-ray diffraction to study 
the morphology and structure about the two forms. Solubility measurement adopting both 
gravimetric method and high performance liquid chromatography were completed to get the 
transition temperature and solubility data for use in the subsequent experiments. Three sets of 
experiments were implemented to study the transformation mechanisms: (1) transformation 
from L-Serine anhydrate to hydrate at temperatures below 32°C; (2) hydrate growth rate 
experiments while it is the stable form below 32°C; (3) reverse transformation from L-Serine 
hydrate to anhydrate. The transformation mechanisms were clearly elucidated especially 
regarding the transformation from anhydrate to hydrate. During the transformation and 
growth rate experiments, in situ tools including PVM and FBRM were applied to obtain the 
real time information on polymorphic transformation. 
 
The results of transformation from anhydrate to hydrate showed that transformation rate and 
growth rate increases with temperature while the dissolution rate decreases during 
transformation from anhydrate to hydrate. It is speculated from this result that growth rate of 
hydrate is the rate controlling step. It is also found that when the transformation temperature 
vi 
 
approaches transition temperature where the stable form changes from one to the other form 
of L-Serine, the transformation rate drops. This phenomenon can be explained by the 
narrowed solubility gap between the anhydrate and hydrate. Through the experiments, PVM 
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Chapter 1 Introduction 
 
1.1 Background 
Crystallization is a major unit operation for purification and particle formation in the chemical 
and pharmaceutical industry (Shekunov and York, 2000). However during crystallization, a 
mixture of polymorphs may nucleate and grow at the same time. Polymorphism, the ability to 
adopt more than one crystal structure, is a crucial issue in crystallization especially in 
pharmaceuticals where the occurrence of polymorphs could influence the bioavailability of 
active pharmaceutical ingredients (API). When preparing materials by crystallization, it is of 
importance to recognize and to be able to control this phenomenon because each polymorph 
exhibits its own unique combination of mechanical, thermal and physical properties (Davey 
and Garside, 2000). An increasing number of polymorphs of many compounds has been 
reported recently demonstrating the growing interest in polymorphism. Furthermore all of the 
industries producing a pure or formulated solid understand that polymorph transformation 
generates potentially very interesting applications or troublesome issues, particularly in the 
pharmaceutical industry where polymorphism plays an important role (Mangin et al., 2009). 
 
Polymorph transformation could occur in solid state or in solvent mediated environment. 
Solvent mediated phase transformation (SMPT) is more common in practice. The kinetics 
involved in SMPT requires more attention in order to understand and control the 
transformation. One third of the pharmaceutical compounds could form their corresponding 




hydrates (Morris, 1999). Therefore the pseudopolymorphic transformation between anhydrate 
and hydrate is a common phenomenon which should deserve investigation. Several amino 
acids, are known to exhibit hydrated solid forms, and these are useful as model systems to 
study transformation behavior during SMPT. 
 
Amino acids have been important biomolecules across a wide range of industries including 
pharmaceutical, chemical, healthcare, food, medical and cosmetics. These compounds share 
many similarities both chemically and physically with antibiotics and drugs (Hou and Poole, 
1969). L-Serine is one of the two biological amino acids with a hydroxyl substituted side 
chain, and thus is hydrophilic in character (Nozaki and Tanford, 1971). Solubility of L-Serine 
in methanol-water solutions with different ratios has been investigated and the role solvent 
composition plays in determining the transition temperature was reported (Charmolue and 
Rousseau, 1991, Luk and Rousseau, 2006). On the base of these findings, further study could 
be made on the polymorph transformations of L-Serine which will be addressed in the thesis. 
 
1.2 Objectives of this work 
The motivation of this work is to systematically study the conversion between L-Serine 
anhydrate and hydrate employing both offline and in situ process analytical techniques (PAT). 
Two main objectives are: 
1. Measure the solubility of L-Serine anhydrate and hydrate. 




2. Investigate the mechanism of solvent-mediated polymorph transformation between L-
Serine anhydrate and hydrate. 
The study could help our understanding toward the transformation mechanism and factors 
affecting the transformation. 
 
1.3 Organization of the thesis 
 
The thesis is organized to address the study of L-Serine polymorph transformation between 
anhydrate and hydrate.  
Chapter 2 reviews the experimental and theoretical development in SMPT and related 
techniques.  
Chapter 3 describes the experimental section including instruments applied and methodology 
instructing the experiments in this work.   
Chapter 4 presents results and discussions. How the factors affect the transformation will be 
addressed and the transformation mechanism will be deduced. Thereafter the practical 
implication of the previous application and recommendation for future work would be 
discussed.  
Chapter 5 summarizes conclusions from experimental results. 




Chapter 2 Literature Review 
 
2.1 Properties and structure of L-Serine 
Amino acids are the building blocks of proteins which are linear chains of amino acids. There 
are twenty common amino acids used to synthesize protein in human body. Eight of them can 
only be supplied in diet which are called essential amino acids while the others can be 
synthesized in our body in sufficient amount. Except glycine, all of the amino acids exhibit 
two optically active isomers designated L- and D-. The L- form is the isomer that rotates the 
plane of polarization to the left, while the D- form rotates the plane of polarization to the right. 
 
L-Serine is classified as a non-essential amino acid. The amino acid serine was first 
discovered in 1865 by analyzing the contents of raw milk by Cramer (Cramer, 1865). Many 
years later in 1902, the structure of serine was clarified as 2-amino-3-hydroxypropionic acid 
by Fischer and Leuchs. Until 1942 a relatively simple procedure was developed to isolate L-
Serine from the racemic mixture (Stein et al., 1942). 
 
L-Serine (C3H7NO3) consists of three carbon atoms with a hydroxyl substituted side chain 
(Figure 2.1). Its molecular weight is 105.1 and melting point is 228°C with decomposition. 
Serine is biosynthesized from the glycolysis intermediate 3-phosphoglycerate through the 




formation of 3-phosphohydroxypyruvate and 3-phosphoserine as intermediates. Serine is also 
a precursor for the synthesis of glycine, cysteine, and selenocysteine (Devlin, 2002).  
 
Figure 2.1 Chemical structure of L-Serine 
 
 
2.2 Fundamentals in polymorphism 
2.2.1 Polymorphism and pseudopolymorphism 
Polymorphism is the ability of a compound to display in two or more crystalline forms due to 
different molecular packings and/or conformations which make them share the same chemical 
composition but differ in lattice structure and/or conformations (Bernstein, 2002).  These 
structural variants result in different physical properties which are reflected in crystal 
morphology, optical characteristics, mechanical properties, and chemical reactivity (Davey et 
al., 1997).The occurrence of polymorphism in a single product could negatively impact the 
marketability of the commodity.  
 
One of the most well-known examples is the production and evolution of Ritonavir with trade 
name Norvir which is an antiretroviral drug used to treat HIV manufactured by Abbott 
Laboratories. Two years after entering into market in mid 1998, several batches of capsules 




failed the dissolution test and a new polymorph (form II) was discovered during the 
evaluation of the failed capsules which were less soluble and caused the initial drugs to be 
withdrawn from the market (Bauer et al., 2001). Great efforts were taken to study the cause of 
this polymorph transition, reformulation of the drug and regeneration of the original form I 
(Chemburkar et al., 2000). The new formulation of Norvir was finally launched after 
substantial cost and efforts (Morissette et al., 2003). This case is an extraordinary example of 
the significance of impact and relevance of conformational polymorphism in pharmaceuticals. 
 
Pseudopolymorphism may be defined as crystalline forms of a compound in which solvent 
molecules are incorporated into the lattice of the structure in specific stoichiometric ratios 
(Nangia and Desiraju, 1999). These forms are termed as solvates. When the included solvent 
molecules are water, they are called hydrates. Pseudopolymorphs could vary significantly in 
solubility, dissolution rate, stability, mechanical behavior and bioavailability from their 
unsolvated counterparts (Bechtloff et al., 2001). Furthermore there are some differences 
between real polymorphs and pseudopolymorphs. Comparing with real polymorphs which are 
chemically identical, pseudopolymorphs vary in the amount of solvent bound into the lattice. 
On the other hand, the stability of true polymorphs does not rely on the solvent while that of 
pseudopolymorphs also depends on solvent which means any change of solvent could give 
rise to phase transitions under isothermal and isobaric conditions. 
 
The significance of hydrates has been getting attention in pharmaceutical industry over the 
past decade, mainly resulting from the potential impact of hydrate on the development process 




and dosage form performance directly or indirectly. It may not be practical or possible to 
maintain the same hydrate isolated at the initial bench scale during scaling-up activities for a 
hydrated compound. The physicochemical stability of the compound may raise issues during 
preformulation. Some hydrates may convert to an amorphous form upon dehydration while 
some may become chemically labile. There are also some compounds which may convert 
from a lower to a higher state of hydration yielding such as chromylin sodium and one 
disodium salt known as SQ33600 (Morris, 1999).  
 
2.2.2 Polymorphic transformation 
Polymorphic transformation generally occurs through solid-solid or solvent-mediated 
transformation and can only be carried out from a metastable phase to a more stable phase. 
Polymorph transformation often occurs in solid state. The solid-solid transformation arises 
from internal rearrangements of conformational changes of the molecules in crystals (Sonoda 
et al., 2006). Generally it includes stress-induced and temperature-induced transformations. 
When the transformation happens in solution, the presence of the solvent promotes or inhibits 
the transition. This modification due to the presence of a solvent is called SMPT. The process 
of the transformation can be monitored with both offline and in situ techniques. 
 
2.3 Thermodynamics of polymorphs 
Polymorphs in one system are different crystalline forms. To understand the formation and 
transformation of these forms, thermodynamics and kinetics are the useful and classic tools. 




Thermodynamics can help understanding the relationship and behavior between polymorphs 
while kinetics is applied to control the crystallization processes. 
 
2.3.1 The phase rule 
A phase is defined as a homogeneous, physically distinct and mechanically separable portion 
of a system like gases, pure liquids, solids and solutions. Equilibrium is a state of rest of a 
system (Davey and Garside, 2000). There is a specific number of degree of freedom in each 
system which is the number of variables such as temperature, pressure or composition needed 
to be set to reach equilibrium. The Gibbs’ phase rule states that 
F=C-P+2                                               (2.1) 
where F is the number of degree of freedom, C is the number of component, and P is the 
number of phase.  
 
The phase rule has often been applied in the polymorphism study. In a polymorphic system of 
one substance, according to the rule, a maximum of three polymorphs can exist in equilibrium. 
But the usual case which attracts most interest is the relationship between two polymorphs. In 
this case, two polymorphs can coexist with another phase such as liquid or gas in the system. 
This explains why two polymorphs can coexist in equilibrium in a solvent at fixed 
thermodynamic conditions. 




2.3.2 Monotropy and enantiotropy 
In a dimorphic system with polymorphs I and II, assume that the polymorph II is the more 
stable form at a specific temperature. Then the more stable form has lower Gibbs free energy 
G:  
               GII < GI                                            (2.2) 
While Gibbs free energy is proportionally related to chemical potential positively, the above 
equation implies that the more stable polymorph form II possesses a lower chemical potential: 
                                                µ II,solid < µ I, solid                                                       (2.3) 
If a crystal is put in contact with its saturated solution, the chemical potentials of the 
substance both in liquid and solid phases are identical:  
µ II,solid = µ II,solution =µ0 + RTln aII, solution            (2.4) 
µ I,solid = µ I,solution =µ0 + RTln aI, solution               (2.5) 
where µ0 is the standard chemical potential and a is the solution activity. 
It is deduced from equation 2.3 that 
aII, solution < aI, solution                                           (2.6) 
As solution activity a is proportionally with solubility S, it is implied: 
SII < SI                                                                 (2.7) 
This shows that more stable form has lower solubility. Hence the relative solubility can 
directly reflect the relative stability no matter what the solvent is in the solution. 











                             
(a) (b) 
Figure 2.2 Solubility curves in (a) enantiotropic and (b) monotropic systems 
 
In enantiotropic system, the relative stability of the polymorphs is temperature dependent. The 
intersection point of the two curves is called transition temperature where the relative stability 
of two forms changes. In monotropic system, the relative stability of the polymorphs is 
independent of temperature. The stable form will remain to be the stable form over the full 
temperature range below melting point. Therefore the transformation in monotropic system is 
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2.3.3 Prediction rules 
As shown in 2.3.2, the relative stability of polymorphs depends on their Gibbs free energies. 
The more stable form exhibits lower free energy (Tong et al., 2002). The free energy change 
associated with a transformation process can be written as: 
                                                            ∆G= ∆H - T∆S                              (2.8) 
Since the entropy cannot be determined, the change of G cannot be known. Therefore, a series 
of rules have been put forward to predict the relative stability of polymorphs and the nature of 
the polymorphic system (Grunenberg et al., 1996).  
 
Heat-of-transition rule 
If an endothermic phase transition is observed at a specific temperature, then there is a 
transition point below this temperature and the two polymorphs are enantiotropically related. 
If an exothermic phase transition is observed at a particular temperatue, then there is no 
transition point below that transition temperature and the two polymorphs may be 
monotropically related (Burger and Ramberger, 1979). This phenomenon could also occur 
when the two forms are enantiotropically related and the thermodynamic transition point is 









The heat-of-fusion rule states that in an enantiotropic system the higher-melting polymorph 
should have the lower heat of fusion. If the higher-melting polymorph has a higher heat of 
fusion, the two are monotropically related. This rule is only valid when the Gibbs free energy 
profiles of dimorphic systems can be described as in Fig. 2.3 (Grunenberg, et al., 1996). 
 
Figure 2.3 Diagram for the crystallization progress from initial state G0 to two forms A and B 
 
Entropy-of-fusion rule 
This rule indicates that if a polymorph has the higher melting point but has the lower entropy 
of fusion, the two polymorphs are enantiotropically related. If the polymorph with lower 
melting point has the lower entropy of fusion, then it is a monotropic system (Burger, 1982). 
 





At a given temperature, if one polymorph has both the higher melting point and the higher 
heat capacity than another polymorph, these two polymorphs are enantiotropically related. 
Otherwise, they are monotropically related (Grunenberg, et al., 1996). 
 
Density rule 
The most energetically stable structure is supposed to have the most efficient packing. If the 
polymorph with higher melting point possesses the higher density, the two forms are 
monotropically related. Otherwise they are enantiotropically related (Berstein et al., 1999). 




If hydrogen bonds dominate in the unit cell, they mainly determine the oscillatory motion of 
the cell. And if the binding energy of the intermolecular hydrogen bonds is higher which in 
turn reduces the entropy, it is assumed that the frequencies of the corresponding modes are 
higher (Burger and Ramberger, 1979). On the other hand, the entropy effect of stretching 
vibrations is negligible. Thus only the highest absorption frequency is taken into consideration 
and formulates the infrared rule which is: If the first absorption band in the infrared spectrum 
of a hydrogen-bonded molecular crystal is higher for one modification than for the other, that 




form may be assumed to have the larger entropy. Combining ∆S>0 with this infrared rule 
implies that the polymorph absorbing at higher frequencies is also less stable at 0 K. 
 
2.4 Kinetics of polymorphic crystallization 
2.4.1 Ostwald law of stages 
Ostwald law of stages states that “when leaving an unstable state, a system does not seek out 
the most stable state, rather the nearest metastable state which can be reached with minimum 
loss of free energy”. This indicates that in the progress of crystallization from melt or solution, 
the least stable form appears first followed by the closest unstable form. Although this rule is 
a helpful tool to predict the sequence of production of crystalline forms, it has been shown 
that the law is not applicable generally. Assume in a dimorphic system, there are metastable 
phase 1 and the stable phase 2. The law is valid only when J2k23 << J1k13 where J1 and J2 are 
the nucleation rates of the two forms and k1 and k2 are their first order growth rate constants. 
To be more accurately, the law is only a specific case in a polymorphic system as the 
occurrence and development of solid forms is associated with thermodynamics and kinetics of 
nucleation, growth and transformation under certain conditions (Davey, et al., 1997) and by 
the link between molecular assemblies and crystal structure (Gu et al., 2001). 
 




2.4.2 Kinetics of solvent-mediated phase transition 
SMPT has been interpreted as a two-step mechanism (Cardew and Davey, 1985). The 
metastable form is dissolved followed by the nucleation and growth of the stable form.  
 
Assume form 1 is the metastable form while form 2 is the stable form. Normally the 
transformation starts with a slurry of particles of form 1 in a saturated solution with nuclei of 
phase 2. As the nuclei grow, the solution becomes undersaturated regarding to form 1. Then 
the form 1 crystals begin dissolving to generate the supersaturated solution with respect to 
form 2 to make the form 2 crystals continue growing. This dissolution-growth process will not 
stop until all of the form 1 crystals disappear and the solution becomes saturated with respect 
to form 2. The supersaturation with time profile is shown in Fig. 2.4 (Cardew and Davey, 
1985). 
 
Figure 2.4 Supersaturation with time during a solvent-mediated transformation 
 




In accordance with the relative kinetics of the dissolution rate of metastable form and 
crystallization of the stable form, the rate controlling processes is categorized into two groups 
including dissolution controlled and crystallization controlled. To be simple, the rate 
controlling step could be evaluated by three time intervals: 
(1) the dissolution time tD, defined as the time for all form 1 to dissolve; 
(2) the growth time tG, defined as the time for form 2 crystals to reach their final sizes; 
(3) the transformation time tT, defined as the time when all form 1 crystals disappear and 
form 2 crystals reach their final sizes. 
tT = tD + tG                            (2.9) 
Therefore, if tG >>  tD, the transformation is growth controlled; if tG <<  tD, the transformation 
is dissolution controlled. It is now commonly adopted to measure the solution composition 
with time to clarify the limiting factor of transformation between dissolution and growth. 
 
2.5 Characterization of polymorphs 
Characterization of polymorphs in early stage of study is of crucial significance, as 
unexpected polymorphs may appear which could affect the product’s chemical and physical 
properties.  A variety of offline and online techniques are used to identify the polymorphs. 
 
 




2.5.1 Offline techniques 
Microscopy 
As polymorphs differ in morphology, microscopy can be employed to identify polymorphism. 
There are three well-known branches of microscopy: optical, scanning electron and scanning 
probe microscopy (SPM). Optical microscopy is the most common one used in identifying the 
shape in crystallization. Scanning electron microscopy (SEM) requires the sample not to build 
up charge and be vacuum compatible. But it possesses much higher resolution than optical 
microscopy which applies to very fine crystals. The atomic force microscope (AFM) is a 
particular method of SPM. It is a very high resolution type which can reach nanometer. AFM 
has been applied to image the topography of a variety of surfaces from micrometers to 
molecular scale and to directly measure the discrete intermolecular forces. Other SPM 
methods are scanning tunneling microscopy and electric force microscopy.  
 
X-ray diffraction 
Single-crystal or powder X-ray diffraction can provide definitive proof of the existence of 
polymorphism (Skrdla et al., 2001). These techniques are based on observing the scattered 
intensity of an X-ray beam hitting a sample as a function of incident and scattered angle, 
poloarization and wavelength or energy. 
 
X-ray diffraction gives information on the geometry or shape of a molecule. Single-crystal X-
ray diffraction is a technique used to solve the complete structure of crystalline materials, 




ranging from inorganic solids to macromolecules like proteins. However in some cases it is 
not easy to get one single crystal. Powder X-ray diffraction (PXRD) is more popular and more 
commonly used due to this reason. Different lattice constants of crystals can directly lead to 
different characteristic peaks. However variance in powder size and preferred orientation can 
affect the sensitivity of PXRD assays which means that during sample preparation, the 
particle size must be closely controlled. 
 
Vibrational spectroscopy 
Vibrational spectroscopy is a method of chemical analysis where the sample is illuminated 
with incident radiation in order to excite molecular vibrations. Vibrational excitation is caused 
by the molecule absorbing, reflecting or scattering a particular discrete amount of energy. 
Information about structure and molecular conformation can be obtained through vibrational 
spectroscopic methods such as infrared and Raman spectroscopy (Rodriguez-Spong et al., 
2004). Both techniques can be used to evaluate polymorphic composition quantitatively and 
efficiently. 
 
Infrared spectroscopic techniques have been employed to polymorph characterizations 
through inspection of spectral differences (Skrdla, et al., 2001). Quantitative composition of 
the polymorph mixture can be obtained from the spectroscopic changes. There are three 
commonly used infrared techniques including diffuse reflectance Fourier transformation 
infrared (DRIFT-IR) (Pollanen et al., 2005), attenuated total reflectance Fourier 
transformation  infrared (ATR-FTIR) and near infrared  (NIR). Although the preparation and 




operation of infrared spectroscopy is easy and low cost, attention should be given to that 
infrared spectra of some APIs might be almost the same. 
Raman spectroscopy is a powerful quantitative and qualitative tool for a wide range of 
analytical problems both in the laboratory and in the industry. It provides similar chemical 
information as infrared spectroscopy (Ayala et al., 2006). As Raman can be used both in solid 




Thermogravimetric analysis (TGA) is commonly employed in research and testing to 
determine characteristics of materials such as degradation temperatures, absorbed moisture 
content of materials and solvent residues. It is also often used to estimate the corrosion 
kinetics in high temperature oxidation. 
 
Differential scanning calorimetry (DSC) was developed in 1960 and introduced commercially 
at 1963 Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy. The term 
DSC was coined to describe this instrument which measures energy directly and allows 
precise measurements of heat capacity. Thermodynamic data such as melting point, heat of 
fusion, heat capacity and polymorphic transition temperatures can be obtained by DSC. 
 




Simultaneous TGA-DSC measures both heat flow and weight loss in a material as a function 
of temperature or time. This simultaneous measurement of the two properties not only 
improves productivity but also simplifies interpretation of the results. 
Solid-state nuclear magnetic resonance spectroscopy 
Solid state nuclear magnetic resonance spectroscopy (SS-NMR) is a nondestructive and 
noninvasive analytical technique. The reason that SS-NMR can be used in polymorphism and 
pseudopolymorphism study is that non-equivalent nuclei will resonate at different frequencies 
and these chemical shift changes may correspond to the changes in conformation or chemical 
environment of API molecules in various solid forms (Rodriguez-Spong, et al., 2004). SS-
NMR can quantitatively measure the mixtures of polymorphs. Therefore polymorphic 
transformation and relative kinetics can be investigated. 
 
2.5.2 Process analytical technology  
Nowadays a number of works have been published applying modern PAT and model based 
design methods to study the polymorphic transformations. The in situ ATR-FTIR 
spectroscopy, Raman spectroscopy, focused beam reflectance measurement (FBRM) and 
particle video measurement (PVM) are commonly used in online studies. FBRM and PVM 
are powerful instruments developed by Lasentec as in situ particle monitoring technique for 
real-time measurement of particle size and morphology. By measuring the change in size or 
morphology, transformation information may be obtained over time. 





In situ vibrational spectroscopy 
Vibrational spectroscopy, i.e., ATR-FTIR and Raman are usually used together to measure 
solid and liquid phase composition in situ in polymorphism study to better verify and interpret 
the result. Both spectroscopic methods are employed quantitatively through chemometric 
methods to overcome complex and time-consuming procedures such as selection of 
representative signals and peak deconvolution (Cornel et al., 2008). For both methods, 
accurate and robust concentration can be obtained. 
 
Qu et al. (Qu et al., 2009) studied the batch reactive crystallization of the two polymorphs of 
L-Glutamic acid using in-line Raman and ATR-FTIR spectroscopy. The information from 
both spectroscopy leads to improved understanding of the precipitation process and offers 
great potential for process optimization and control of crystalline quality. Cornel et al. (Cornel, 
et al., 2008) demonstrated the quantitative application of in situ ATR-FTIR and Raman 
spectroscopy using multivariate data analysis techniques in multiphase processes under 
unsteady state condition. Schöll et al. (Schöll et al., 2006) combined ATR-FTIR, Raman, 
FBRM and PVM together to monitor solvent-mediated polymorph transformation of L-
Glutamic acid during seeded and unseeded conditions to identify the fundamental phenomena 
that govern the transformation process and finally used mathematical modeling to study the 
influence of suspension density and the surface of a seed population on transformation. 
O’Brien et al. (O’Brien et al., 2004) employed in situ thermal Raman spectroscopy to 
investigate the kinetics of the solid state transformation of carbamazepine polymorphs. 





FBRM provides online measurement of chord length distribution (CLD) of a particular 
system by laser backscattering. A highly focused laser beam in the probe ( Fig 2.5a) (Nere et 
al., 2007), rotating at a fixed velocity, scans the particles in a small location in front of the 
probe’s sapphire window. When the laser beam intersects the edge of a particle, some of it is 
backscattered to the detector installed in the same probe and cause a rise signal in the circuit 
until it reaches the opposite edge of the particle. The chord length of these two edges  which is 
essentially detected as a chord of a particle (Fig 2.5b) is then calculated as the result of the 
beam speed and the duration time of the backscattering signal. Thousands of chord length per 
time interval are then organized and expressed as distributions.  
   
Figure 2.5 FBRM configuration (a) probe and (b) chord lengths 
 
Obviously the CLD is not a direct measure of particle size distribution (PSD). A number of 
models have been developed to convert CSD to PSD. Barthe et al. have shown that by 
tracking the chord-length density and the total chord counts through efficient use of the 
FBRM, it is possible to monitor the transition from paracetamol Form I to Form II (Barthe et 




al., 2008). Chew et al. demonstrated an in-line technique involving automated FBRM 
detection of nucleation followed by controlled internal seed generation and refining could 
achieve consistent crystal product quality in the simple glycine-water and the more 
troublesome paracetomal-water system (Chew et al., 2007). 
 
PVM 
PVM is a probe-based high resolution in situ video microscope providing images of crystals 
as they exist in a process (Barrett and Glennon, 2002). Six independent laser sources are 
involved in PVM to illuminate a fixed area within the slurry. Light scattered back towards the 
probe is used with a CCD element to produce an image. With the images from PVM, crystal 
morphology and dimension could be monitored clearly which gives indication on 
polymorphic transformation. Barrett and Glennon determined both the metastable zone width 
and solubility curve and used PVM images to validate the result (Barrett and Glennon, 2002). 
Dang et al. has investigated the effect of temperature and solvent composition on 










Chapter 3 Materials and Methods 
3.1 Materials 
Deionized water was used as solvent. L-Serine anhydrous (purity ≥99%) was used as received 
from Sigma-Aldrich Corporation. The PXRD pattern of the L-Serine was identical with that 
of anhydrous form of L-Serine reported in literature. The hydrous form was prepared by 
cooling crystallization in aqueous solution. An L-Serine solution saturated at 30°C was 
prepared by dissolving a certain amount of L-Serine anhydrates in solvent at 50°C. The 
solution was then quenched down to 15°C and then kept at the temperature for 1 h. The PVM 
probe was inserted to monitor the crystalline form and only hydrate form crystallized out. The 
suspension was then filtered and kept at room temperature at 75% relative humidity in a 
desiccator for 24h. The off-line PXRD was employed to verify that the solid was  hydrate 
form comparing to the simulated data and the real pattern reported in the literature (Luk and 
Rousseau, 2006). 
 
3.2 Offline analytical techniques 
3.2.1 Microscopy 
Offline morphology study was performed using Sony color vision camera (Model No. SSC- 
DC 58AP) installed on an Olympus BX51 optical microscope. 





A Bruker AXS GmbH D8 Advance diffractometer with a Cu Kα radiation source (λ=1.5406Å) 
was used to collect powder diffraction patterns at ambient temperature and pressure. The 
patterns were recorded between 5 and 40° with a step size of 0.033° and a scanning rate of 
0.049°/s. 
 
3.2.3 High Performance Liquid Chromatography (HPLC) 
Agilent 1100 HPLC and Zorbax Eclipse-AAA column for amino acid analysis were employed 
to measure the solubility of L-Serine. As the compound is an amino acid, the derivatization is 
necessary. Borate buffer and O-phthalaldehyde (OPA) was adopted for derivatization. For 
Agilent 1100 HPLC, the derivatization reaction was made automated and integrated with 
HPLC analysis. 
3.2.3.1 Instrument settings 
(1) HPLC column  
      ZORBAX Eclipse-AAA   4.6 x 150mm, 3.5µm 
(2) Pump settings 
Flow: 2 mL/min 
Stop time: 26 min 
Post time: off 




(3) Detector settings 
Diode Array Detector (DAD): UV lamp 
UV: 338 nm, 10 nm bandwidth (bw), reference: 390 nm, 20 bw 
 
3.2.3.2 Mobile phase 
Gradient elution was applied to make the separation effective where two or more mobile 
phases are used with varying proportions until the end of the analysis. This is especially 
helpful if the sample components have a wide range of polarities. In this work, two mobile 
phases were employed in the gradient elution. 
Mobile phase A: 40mM Na2HPO4, pH 7.8 [5.5g NaH2PO4, monohydrate + 1 liter water, 
adjust to pH 7.8 with NaOH solution (10N)] 
Mobile phase B: ACN: MeOH: water (45: 45: 10, v / v / v) 
All mobile phase solvents should be of HPLC grade. 
The gradient scheme is shown in Table 3.1. It is worth noting that to extend column life, 
column needs to be flushed with 10 column volumes of 100% phase B if the column will not 










Table 3.1 Gradient elution scheme 









3.2.3.3 Autosampler and injection method 
Conical insert with polymer feet (Fig 3.1) is required to hold the OPA reagent because of the 
limited volume. But the L-Serine sample could be put into the vial directly due to sufficient 
amount. 
 
Figure 3.1 Insert, vial and cap 




All the vials with reagents and L-Serine sample would be placed on the autosampler in order 
as positioned in Figure 3.2 and analyzed automatically by certain HPLC method. 
 
Injector program: 
1. Draw 2.5µL from vial 1 (borate buffer) 
2. Draw 0.5 µL from sample (position #11) 
3. Mix 3 µL “in air”, max speed, 2x 
4. Wait 0.5min 
5. Draw 0 µL from vial 2 (needle wash using water in uncapped vial) 
6. Draw 0.5 µL from vial 3 (OPA) 
7. Mix 3.5 µL “in air”, max speed, 6x 
8. Draw 0 µL from vial 2 
9. Draw 32 µL from vial 5 (water) 















Draw speed: 200 µL/min 
Eject speed: 600 µL/min 
Draw position: 0.0 mm 
 
3.3 In situ process analytical techniques 
3.3.1 FBRM 
The FBRM gives in situ information on CLD. Theoretically the particle size distribution 
could be restored from CLD. In this work, laboratory scale Lasentec FBRM (model D600L) 
manufactured by Mettler Toledo was employed to record the transformation from metastable 
form to stable form or growth of a pure form. The chord length measurement ranged from 1 
µm to 1000 µm with the measuring duration of 10 s.  
3.3.2 PVM 




3.4.1 Solubility measurement 
The solubility of L-Serine anhydrate and hydrate was measured by both gravimetric and 
HPLC methods. The experiments were carried out in 25ml crystallizers equipped with a 




magnetic stirring bar. The crystallizer would be connected with a programmable Julabo 
circulator. For each measurement, only L-Serine anhydrate was used as the starting solid 
material. A certain amount of water was added into the crystallizer and stabilized at a fixed 
temperature. An excess amount of L-Serine anhydrate crystals was then put into the solvent. 
The solution was kept stirring for 24 h at a constant stirring speed to reach the equilibrium at 
the fixed temperature. Then the suspension was settled down for 3 h to get clear supernatant. 
 
For gravimetric method, 5 ml clear solution was withdrawn using a syringe connecting with a 
needle and filtered through a 0.2µm PTFE filter. All of the syringes, needles and filters were 
cooled or heated in refrigerator or oven to the temperature of the sampled solution before 
operation. The solid isolated was analyzed by microscope. The cleared solution was placed 
into a glass bottle which was previously weighed. The bottle was weighed again with solution 
in it.  After that the bottle with the solution was dried in an oven at 55ºC for 2 days. The 
solubility was calculated by taking the weight of dried solid and evaporated solvent into 
consideration.  Combining with the microscope, water content should also be added into the 
solubility if microscope showed it was hydrate. 
 
For HPLC method, calibration needs to be completed first. Sample which was the clear 
solution was prepared the same way as in gravimetric method. Furthermore samples would be 
diluted 0.5~1 x 104 times to prevent crystallization of the dissolved L-Serine after the first 
time filtration.  




Both gravimetric and HPLC method only determined the solubility of the thermodynamically 
stable form at the measured temperatures. 
 
3.4.2 Transformation 
Firstly the transformation from L-Serine anhydrate to hydrate and the growth rate of hydrates 
were investigated to clarify the transformation mechanism. Furthermore, the reverse 
transformation from hydrate to anhydrate was also studied by both PVM and FBRM. A series 
of trials as outlined in Table 3.2 were carried out. 
Table 3.2 Experiment design 












1 30 1 0 0 12.5 
2 23.5 1 0 0 10.075 
3 15 1 0 0 7.25 
4 30 0.9 0.1 0 12.5 
5 30 0 1 0.5 13 
6 23.5 0 1 0.5 10.575 
7 15 0 1 0.5 7.75 
8 23.5 0 2 0.5 10.575 
9 23.5 0 1 1 11.075 
10 35 0 1 0 14.25 
11 40 0 1 0 15.52 
12 43 0 1 0 16.25 
 




All the experiments were implemented at same stirring speed. Runs 1-4 are transformation 
experiments from anhydrate to hydrate. All of the experiments were done in saturated 
solutions at temperatures lower than 32°C under which hydrates are more stable. The seeds 
are metastable anhydrates. In each run, the amount of L-Serine according to the solubility 
curve was added to water to make a saturated solution which was then heated up to 50°C to 
ascertain that there was no solid left in the saturated solution and then cooled down very fast 
to the operation temperature of the experiment. In order to get a fast cooling rate, another 
circulator was used to standby at the operation temperature. When the solution became clear 
and remained clear for 30 min, the tubes connecting with the crystallizer were quickly 
switched to the other standby circulator. 
 
Runs 5-9 are the growth experiments of hydrate. Supersaturated solutions regarding hydrates 
were prepared by adding a specified excess amount of L-Serine into water, heating it up 20°C 
higher and quenching it to the desired temperature. Operational parameters like temperatures, 
seeding loads and supersaturation were varied to check the influence of them on hydrate 
growth rate.  
 
Runs 10-12 are the reverse transformation trials from hydrate to anhydrate. All of the 
experiments were done in saturated solutions at temperatures higher than 32°C above which 
anhydrates are more stable. The seeds are metastable hydrates. The saturated solutions were 
made the same way as in the transformation experiments in run 1-4.




Chapter 4 Results and Discussion 
4.1 Identification of solid forms with microscope and 
PXRD 
The morphologies of the raw material L-Serine anhydrate crystals and prepared hydrate 
crystals were observed by optical microscope. The images in Figure 4.1 show that the two 
forms are quite different from each other on crystal shape. The anhydrate is rod-like while the 
hydrate is hexagonal. This great disparity in crystal habits makes the monitoring of the 
transformation by PVM feasible and reliable.  
 
    
                       (a) L-Serine anhydrate                                               (b) L-Serine hydrate 
Figure 4.1 Microscope images of (a) L-Serine anhydrate and (b) L-Serine hydrate 
 
 




The two forms also show obvious differences between PXRD patterns as displayed in Figure 
4.2 which is arising from the bound water molecules. 












Figure 4.2 PXRD patterns of L-Serine hydrate and anhydrate 
 
 
4.2 Solubility of L-Serine 
The solubility of the thermodynamically stable form was measured experimentally. However 
it cannot be known from the data at which temperature the stable form transforms from 
hydrate to anhydrate unless sufficient measurements could be done with small temperature 
interval. However in practice this is time consuming. Van’t Hoff equation (Equation 4.1) is 




the classic and frequently used tool to predict the solubility of the solute at other temperature 
points and furthermore the transition temperature.   








      (4.1) 
where x is the mole fraction of the solute in solution. By plotting lnx against 1/T, a straight 
line is supposed to obtain where enthalpy (∆Hd) and entropy (∆Sd) can be deduced from the 
slope and interception. When extrapolating the solubility lines of two forms from the 
measured data, the crossing point is the so called transition point at which the two forms get 
equilibrium. In order to ascertain the accuracy of the data, both gravimetric and HPLC 
methods were employed. 
 
4.2.1 Gravimetric method 
The solubility of L-Serine was studied at eight temperature points ranging from 10ºC to 43ºC. 
The experimental data are listed in Table 4.1 and was also plotted as shown in Figure 4.3. 
Van’t Hoff plot (Figure 4.4) was obtained with further data analysis. The figure clearly shows 
that the data fit van’t Hoff equation quite well and the two lines crossed at 32ºC which means 
the transition temperature is 32ºC. Below 32ºC, the hydrate is the stable form while the 












(g L-Serine/100g H2O) 
283.15  23.23 
288.15  29.00 
295.15  38.22 





























Figure 4.3 Solubility of L-Serine in water at various temperatures by gravimetric method 



































Figure 4.4 Van’t Hoff plot of L-Serine solubility by gravimetric method 
 
 
4.2.2 HPLC method 
In order to ascertain the accuracy of the data from gravimetric method, HPLC was employed 
at the same time. However for HPLC, the procedure becomes more complex due to the initial 
calibration and sampling. Calibration was done before the concentration measurement of 
samples. Calibration scheme and chart are shown in Table 4.2 and Figure 4.5. The data shows 
great linearity which provides ideal reference for the later concentration calculation. 
 
 



















0.00002 7.928 35.54 
0.00004 7.952 58.52 
0.00006 7.922 83.56 
0.00008 7.926 109.36 
 
























Figure 4.5 HPLC calibration chart 
 
 




After the calibration, the measurement can proceed to the real samples from solubility 
experiments. The result is shown in Table 4.3 and the van’t Hoff plot based on it was 
displayed in Figure 4.7. From the van’t Hoff plot, it is clearly seen that the two curves 
intercept at 32°C which is the same as the transition temperature obtained by gravimetric 
method. 
 










































Figure 4.6 Solubility of L-Serine in water at various temperatures by HPLC 






























Figure 4.7 Van’t Hoff plot of L-Serine solubility by HPLC method 












4.2.3 Summary and comparison of both methods 
Detailed analysis of solubility data for L-Serine by the gravimetric and HPLC methods 
confirm that the transition temperature between the hydrate and anhydrate forms is 32°C. 
Therefore, the pseudopolymorphic system is confirmed to be enantiotropic, with the solubility 
curves following the pattern of Figure 2.2 (a). The hydrate is the stable solid form below 32°C, 
and the anhydrate is stable above 32°C.  
 
The accuracy of measurement cannot be judged from how much difference there is between 
the slopes of solubility curves of two forms in each method. As L-Serine is an amino acid, it 
is quite subject to being downgraded which will affect the absorbance of wavelength during 
HPLC measurement resulting in inaccuracy. And this inaccuracy cannot be completely 
removed although dedicated HPLC method for amino acid has been applied in our experiment 
to minimize this influence. From this point of view, gravimetric method may be more precise 
as it is merely a physical method for solubility measurement although HPLC is more 
advanced and accurate in common circumstances. Furthermore, this is further confirmed by 









4.3 Polymorphic transformation 
4.3.1 Transformation from anhydrate to hydrate 
Prior to the descriptions of the results, the definitions of dissolution time and transformation 
time need to be clarified at the beginning. The experimental dissolution time refers to the time 
taken for the metastable form to be totally dissolved. The experimental transformation time is 
defined as the time for the entire transformation process to be complete, including the 
disappearance of the metastable form and the depletion of supersaturation. This time is 
determined from the FBRM profile as the time to attain equilibrium as shown by reaching 
99.5% of the final steady state total number of counts. 
 
The transformation from anhydrate to hydrate at various temperatures (15°C, 23.5°C and 30°C) 
was carried out according to Runs 1 to 4 in Table 3.2. In Run 4, a small amount of hydrates 
(10%) were added along with initial anhydrate seed in order to observe the effect of pre-
nucleation of the stable form. 
In the transformation experiments at 15°C,  23.5°C and 30°C, hydrates occurred at 0.4 min, 
0.7 min and 3.3 min respectively while anhydrates disappeared at 3.8 min, 4.7 min and 20.7 
min. Images at these specific moments are shown in the Figure 4.8, 4.9 and 4.10. In this case, 
the dissolution time is the time when all traces of the metastable anhydrate form have 
disappeared, as determined by careful inspection of the PVM images as exemplified in Figure 
4.8, 4.9, and 4.10. Therefore the dissolution times of anhydrate at 15°C, 23.5°C and 30°C are 




3.8 min, 4.7 min and 20.7 min respectively. For the experiment with 10% hydrates in 1g seeds 
at 30°C, the disappearance time was shortened to 10.5 min. 
 
It is shown from above data: 
(1) The dissolution rate of hydrates decreases with temperature. The dissolution time for 
30° is obviously longer than the ones at 23.5°C and 15°C. This should result from the 
smaller solubility difference between two forms at the same temperature which is the 
driving force for SMPT. 
(2) When stable form is mixed into seeds, the transformation time reduces largely. In this 




(a) 0 min                                (b) 0.4 min                                (c) 3.8min 





             (d) 20 min                                  (e) 52 min                                   (f) 120 min 
Figure 4.8 Images taken during transformation at 15°C 
 
 
(a) 0 min                              (b) 0.7 min                                   (c)  4.7 min 
 
              (d)  10 min                                    (e) 34 min                                   (f) 60min 
Figure 4.9 Images taken during transformation at 23.5°C 
 
(a) 0 min                                   (b) 3.3 min                                (c) 15 min 





                (e) 20.7 min                                (f) 40 min                                  (g) 60min 
Figure 4.10 Images taken during transformation at 30°C 
 
Apart from using PVM, FBRM is also used to monitor the whole transformation process at 
the three different temperatures. Each FBRM curve is the record of the transformation starting 
with dissolution of anhydrate and the following crystallization of hydrate. There is a dramatic 
drop at the beginning of each line which comes from the dissolution of the seeds. Although 
the solution is saturated regarding the stable form which is hydrate in these three runs, it is 
undersaturated with respect to the anhydrate seeding. Therefore once the seeds were added, 
they began to dissolve. With the dissolution of the seeds, the solution started being 
supersaturated to stable hydrate form which led to the crystallization of hydrate. In the FBRM 
profile, the occurrence of crystallization is reflected in the increase of the total counts. After 
the supersaturation was consumed up by the crystallization of the stable form and the hydrates 
stopped growing, the solution reached equilibrium which corresponds with the plateau in the 
FBRM profile. The time for the three lines to get plateau is 117 min, 60 min and 40 min for 
15ºC, 23.5ºC and 30ºC respectively. According to the definition of transformation time, the 
transformation times at 15ºC, 23.5ºC and 30ºC are 117 min, 60 min and 40 min respectively. 
It can be seen that it took less time to reach equilibrium at higher temperature which means 
transformation rate increases with temperature. 






                  Figure 4.11 FBRM counts through transformation from run 1-3 
 
Combining the results from PVM and FBRM, it is concluded that the dissolution rate 
decreases and the overall transformation rate increases with temperature. Seeding with the 
stable form dramatically speeds up the transformation process. 
 
4.3.2 Growth rate of hydrate 
From the previous section, the dissolution rate and the overall transformation rate were 
investigated at three temperatures. In order to understand and control transformation, it is 
important to determine the rate controlling step. As the transformation includes dissolution of 
metastable form and growth of stable form, growth rate of stable form i.e. hydrates should 
also be studied. The growth time of hydrate is defined as the time when the initial 



















supersaturation is completely depleted and the hydrates stop growing. This time is determined 
from the FBRM profile as the time to reach equilibrium which is shown by attaining 99.5% of 
the final steady state total counts number. 
 
In order to study the growth of hydrate separated from the process of dissolution of the 
anhydrate seeds, hydrous seeds and supersaturated hydrate solution were used to start off in 
each run.  Only if the solution is supersaturated with respect to hydrate, the nuclei of that form 
can begin growing immediately after the seeds are added into the solution. Runs 5-9 in Table 
3.2 were carried out to investigate the effect of operating temperature, amount of seeding, and 
supersaturation level on the rate of crystal growth of the hydrate. Among the five runs of 
growth experiments, Runs 5 to 7 were carried out to study the effect of temperature on 
hydrate growth. Runs 6, 8 and 9 were carried out at the same temperature i.e. 23.5 ºC.  Run 8 
was done to investigate the effect of amount of seeding together with Run 6. Run 9 was 
implemented to study the influence of supersaturation level on hydrate growth combining the 
result from Run 6.  
The growth rate of hydrates can be clearly shown in FBRM profiles. The point at which the 
profile reaches plateau is supposed to be the time when growth of hydrates stops. By 
monitoring the time taken for the profile to attain plateau, the growing time of hydrates at 
each experimental condition is easily withdrawn. For Runs 5-7, as displayed in Figure 4.12, 
the tracks of the particle counts are similar except that the time to reach plateau is changing 
from one to another. As the starting solution is already supersaturated with respect to hydrate, 
with the addition of hydrate seeds, the FBRM line shows immediate increase. For these runs 




under the same supersaturation (0.5g supersaturation/ 25ml) (Figure 4.12), time to attain 
equilibrium is 240 min, 122 min and 79 min respectively at 15°C, 23.5°C and 30°C. It is 
speculated under the same supersaturation, the crystallization rate is greater with higher 
temperature. 
 
                    
Figure 4.12 FBRM counts of run 5-7 
 
For Runs 6, 8 and 9, those are the experiments at the same temperature i.e. 23.5°C but with 
various supersaturation or seeding load (Figure 4.13). Time taken for 2g seeds to reach 
plateau was 94 min while it took 140 min for 1g/25ml supersaturated solution to reach 
equilibrium at 23.5°C. It is also indicated from Run 6, that it took 122 min to attain the 
plateau under the condition of 1 g seeds and 0.5g/25ml supersaturation. 
 




















Figure 4.13 FBRM counts of run 6, 8 and 9 
 
 
It can be concluded, that (1) Under the same operation temperature and supersaturation, the 
crystallization rate is greater with larger seeding load; (2) Under the same operation 
temperature and seeding load, the crystallization rate is increasing with less superaturation. 
For the nucleation rate at the very beginning, it should be decreasing with less supersaturation. 
However it is worth noting that less time will also be used to consume less supersaturation.  If 
the time saved by consuming less supersaturation can compensate and is even more than the 
time additionally needed for nucleation, the overall time for completing the crystallization 
process is still decreasing. Therefore the crystallization rate is increasing with less 
supersaturation. 
 


















4.3.3 Reverse transformation from hydrate to anhydrate 
The reverse transformation from hydrate to anhydrate at various temperatures (35°C, 40°C 
and 43°C) were carried out according to Runs 10 to 12 in Table 3.2. In the transformations at 
35°C, 40°C and 43°C, anhydrates occurred at 2.3  min, 1.8 min and 0.7 min respectively while 
hydrates disappeared at 120 min, 71 min and 61 min.  In the case of reverse transformation, 
the dissolution time is supposed to be the time for all the hydrate seeds to disappear. 
Therefore the dissolution times for experiments at 35°C, 40°C and 43°C are 120 min, 71 min 
and 61 min. It is implied that dissolution rate increases with temperature. 
As the temperature approaches transition temperature 32ºC, the dissolution time becomes 
longer. The similar phenomenon was observed at the previous transformation. Below is the 
illustration of the reverse transformations. 
 
(a) 0 min                                   (b) 14 min                                 (c) 27 min 
 
                 (d) 52 min                                (e) 85 min                                  (f) 120 min 
Figure 4.14 Images taken during transformation at 35°C 





(a) 0 min                                (b) 12 min                                       (c) 23 min 
 
                  (d) 32 min                              (e) 66 min                                   (f) 102 min 
Figure 4.15 Images taken during transformation at 40°C 
 
(a) 0 min                                     (b) 10 min                                 (c) 20 min 
 
                (d) 33 min                                   (e) 60 min                                  (f) 90 min 
Figure 4.16 Images taken during transformation at 43°C 




FBRM was also employed to monitor the reverse transformation from hydrate to anhydrate. 
At 35°C, 40°C and 43°C, the time taken for each transformation to reach equilibrium is 125 
min, 102 min and 90 min. Therefore the transformation times for the three runs at 35°C, 40°C 
and 43°C are 125 min, 102 min and 90 min respectively. It is clearly shown that the 
transformation rate increases with temperature (Figure 4.17). Given the results from PVM and 
FBRM, it is concluded that both dissolution rate and transformation rate increase with 
temperature in the transformation from hydrate to anhydrate. 
        
                                    Figure 4.17 FBRM counts in run 10-12 
 
However there is an obvious difference between Figure 4.17 and the one for the 
transformation from anhydrate to hydrate (Figure 4.11). Each FBRM profile in Figure 4.17 
shows a pronounce “hump” within the first 30 minutes of the transformation process, 
indicating that the hydrate seeds were slow to dissolve. In contrast, the seeded anhydrates in 
Runs 1-3 dissolved rapidly, as shown in Figure 4.11, where initial dissolution was completed 


















within 2 mins even at lowest temperature of 15°C. It is well-known that for numerous 
substances (namely cholesterol, theophylline, caffeine, glutethimide and succinyl 
sulfathiazole) that the dissolution rate of the anhydrous form was much greater than that of the 
corresponding hydrates (Shefter and Higuchi, 1963). This disparity was also confirmed for 
other three model compounds namely carbamazepine, nitrofurantoin and sulfaguanidine by 
determining the intrinsic dissolution rates for anhydrous and hydrous form (Wikström et al., 
2008). This may be explained by the increase in structural complexity. As water molecules 
are introduced into the crystalline unit, more time is needed for the molecules inside to be 
separated and dissolved. 
 
 
4.4 Discussion of implication and recommendation for 
future work 
In this work we have identified the transformation mechanism and rate controlling step by 
using PAT like FBRM and PVM. This study demonstrated that PVM and FBRM are suitable 
tools for monitoring the transformation if the crystal habit and particle size distribution 
changes with transition.  
 
It is recommended more advanced PAT including Raman and ATR-FTIR should be employed 
to understand much more detailed quantitative knowledge on kinetics such as dissolution rate, 
growth rate and transformation rate. Furthermore modeling of the transformation is also worth 
trying based on the data getting from experimental section. 




By these online techniques (PVM, FBRM, Raman and ATR-FTIR), much necessary 
knowledge for developing a robust process could be obtained without sampling or risk of 
contamination. They have demonstrated their capability as promising tools for detecting 
kinetics in the pharmaceutical crystallization industry (Kobayashi et al., 2006). 
 




Chapter 5 Conclusions 
 
In this thesis, an investigation of the pseudopolymorphic transformation of L-Serine in water 
was systematically carried out. The basic study of solubility measurement has confirmed the 
enantiotropic relationship between the anhydrous and hydrate forms of L-Serine. Van’t Hoff 
equation has been used to determine the transition temperature as 32°C. Given this 
temperature, a series of experiments were carried out regarding the transformation and reverse 
transformation between L-Serine hydrate and anhydrate. It is found that as the temperature 
approaches transition point from the points either below 32°C or above 32°C, the dissolution 
rate slows down significantly. This phenomenon can be explained by the narrowed solubility 
difference between the two forms which is the driving force for solvent mediated polymorph 
transformation. 
 
In order to gain a better understanding of the mechanism through the transformation from 
anhydrate to hydrate, the growth experiments of hydrate were carried out. It is demonstrated 
that growth rate of hydrate becomes greater with higher temperature. Combining the result 
from the transformation experiments from anhydrate to hydrate where the overall 
transformation rate increases and dissolution rate decreases with temperature, it suggests that 
growth of hydrate is the rate controlling step. 
Process analytical techniques involving PVM and FBRM were applied through the 
experiments to monitor the transformation in real time. Both PVM and FBRM have shown 




that they can act as efficient in situ tools. It is recommended that more quantitative kinetic 
information concerning the dissolution rate, growth rate and the overall transformation rate 
needs to be collected. For this purpose, more advanced online techniques such as Raman 
spectroscopy and ATR-FTIR should be employed as they have gained more popularity as 
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